We report an in-depth survey of next-generation DNA sequencing of ciliate diversity and community structure in two permanently ice-covered McMurdo Dry Valley lakes during the austral summer and autumn (November 2007 and March 2008). We tested hypotheses on the relationship between species richness and environmental conditions including environmental extremes, nutrient status, and day length. On the basis of the unique environment that exists in these high-latitude lakes, we expected that novel taxa would be present. Alpha diversity analyses showed that extreme conditions-that is, high salinity, low oxygen, and extreme changes in day length-did not impact ciliate richness; however, ciliate richness was 30% higher in samples with higher dissolved organic matter. Beta diversity analyses revealed that ciliate communities clustered by dissolved oxygen, depth, and salinity, but not by season (i.e., day length). The permutational analysis of variance test indicated that depth, dissolved oxygen, and salinity had significant influences on the ciliate community for the abundance matrices of resampled data, while lake and season were not significant. This result suggests that the vertical trends in dissolved oxygen concentration and salinity may play a critical role in structuring ciliate communities. A PCR-based strategy capitalizing on divergent eukaryotic V9 hypervariable region ribosomal RNA gene targets unveiled two new genera in these lakes. A novel taxon belonging to an unknown class most closely related to Cryptocaryon irritans was also inferred from separate gene phylogenies.
Introduction
The McMurdo Dry Valleys (MCM), Antarctica, harbor numerous perennially ice-covered lakes in our planet's coldest and driest desert . The physicochemical conditions in these lakes can be extreme, with salinities ranging from fresh to as much as 5 times seawater, temperatures below Ϫ4°C, and oxygen ranging from Ͼ200% supersaturation in the upper photic zones to suboxic below permanent chemoclines (Spigel and Priscu, 1998; Vick and Priscu, 2012) . In addition to environmental extremes, solar radiation fluctuates from 24-h sunlight in the austral summer to complete darkness in the austral winter, imposing additional stresses on the microbiota that dominate these polar habitats. There are 4 mon of full incident sunlight (November to February) and 4 mon of total darkness (May to August) with twilight in between. The remote geographical nature of the lakes, the Ͻ3-m-thick perennial ice covers on the lakes, and the circumpolar oceans surrounding Antarctica create a barrier to colonization (Spaulding et al., 2010) that makes these ecosystems ideal locations to search for endemic novel taxa in a biogeographically isolated environment.
The lakes contain no fish; microorganisms dominate the food web. Among the microbiota that inhabit the MCM lakes are microbial eukaryotes, mainly protists representing a broad range of evolutionary lineages inclusive of phototrophs, mixotrophs, and heterotrophs (Kong et al., 2012; Thurman et al., 2012) . Protist communities are important in carbon and nutrient cycling, occupying both the bottom (primary production) and top (predation) of the truncated MCM food web (Bielewicz et al., 2011) . Among the heterotrophs, ciliates, often regarded as "flagship" taxa because of their conspicuous size and morphology (Foissner, 2005) , have been the object of past morphology-based biodiversity investigations in the MCM lakes. These studies suggested that ciliate populations in the lakes were more diverse than anticipated (Kepner et al., 1999) . While the diversity of bacteria and archaea in MCM lakes has been studied using molecular methods (Brambilla et al., 2001; Karr et al., 2006) , the biodiversity of protists, especially ciliates, in these lakes has been largely limited to analysis with morphology-based approaches (Laybourn-Parry et al., 1996; Roberts et al., 2000; Song and Wilbert, 2002) , except for a single clone library based sequencing study (Bielewicz et al., 2011) .
In aquatic ecosystems, ciliates are a main component of the microbial loop (Azam et al., 1983) and play an important role in the microbial food web by controlling bacterial prey populations, redistributing organic sources of nutrients and carbon, and linking the microbial loop with higher trophic levels (Finlay and Esteban, 1998) . With short life cycles and delicate external membranes, ciliates may respond more quickly than metazoa to environmental changes (Coppellotti and Matarazzo, 2000) and thus represent sensitive indicator species (Xu et al., 2011a, b) . Many ciliates can tolerate extremes in environmental conditions and have been reported in a range of extreme environments (Coppellotti and Matarazzo, 2000; Jiang et al., 2007) . The food web in the MCM lakes is dominated by the microbial loop in which ciliates likely represent the top predators and therefore are important in carbon and nutrient cycling in these aquatic systems. Indeed, in Lake Fryxell (Fig. 1) , ciliates occur in high abundance (Laybourn-Parry et al., 1996) , providing a good proxy for the study of biodiversity changes in this environment as a whole.
An estimated 83%-89% of the 4500 known free-living ciliate morphospecies remain to be formally described (Foissner et al., 2009; Xu et al., 2011a) . Morphologicalbased identification has shown that more than 20% of the taxa found in the MCM lakes are novel (Petz et al., 2007) . Despite a wealth of morphological features, the identification of ciliates at the species level is laborious, often subjective, and requires skilled taxonomic expertise that can miss rare species (Xu et al., 2011a, b) . To gain more information on ciliate diversity and community structure and to determine potentially endemic taxa, we used nextgeneration amplicon sequencing to examine ciliate diversity and community structure in two MCM lakes, Lake Fryxell and Lake West Lobe Bonney (Fig. 1) .
We exploited the unique nature of the MCM lakes, as well as their remote location, to test the following hypotheses regarding ciliate biogeography and species richness: (1) the extreme environmental conditions encountered in the MCM Lakes (i.e., high salinity (Ͼ80 PSU), cold, and low oxygen at depth) result in overall low richness of ciliate populations; (2) ciliate richness increases with nutrient concentrations via interactions with bacterial communities (i.e., nitrate, dissolved organic carbon, etc.), as most ciliates feed on bacteria and organics; (3) according to the day-length hypothesis of Gilbert et al. (2010) , which postulates that day length might be a primary determinant of the seasonality of marine bacterial communities, richness of ciliate populations is higher in autumn than in summer, a situation that characterizes Antarctic marine bacterioplankton (Ghiglione and Murray, 2012); and (4) given the isolated and extreme physical and chemical nature of the MCM lakes environment, our deep sequencing efforts would identify endemic and/or novel ciliate species.
Materials and Methods

Sample collection and next-generation sequencing
This study was part of the Microbial Inventory Research Across Diverse Aquatic Long Term Ecological Research Sites (MIRADA-LTERS) Project with the broad goal of documenting, describing, and discovering novel diversity at aquatic LTER locations. The MCM-LTER site (MIRADA LTERS, 2008) focuses on the Taylor Valley located in the Transantarctic Mountains (Ϫ77.5, 160.0) and lies within the largest ice-free area (ϳ4500 km 2 ) on the Antarctic continent (Levy, 2012) . The perennially ice-covered lakes, ephemeral streams, and extensive areas of exposed soil within the McMurdo Dry Valleys (MCM) are subject to low temperatures and limited precipitation. The MCM is a region where life approaches its environmental limits, and is an end-member in the spectrum of environments included in the LTER Network. We collected two replicate samples of water (between 0.8-and 2-l each) for DNA extraction at two depths in lakes Fryxell and Bonney in November 2007 and March 2008. Samples were collected through holes melted over the central (and deepest) portion of each lake basinsites used for long-term data collection by the MCM LTER program (Table 1) . Lake Fryxell has a maximum depth of about 18.5 m and a surface area of 7.8 km 2 . Lake Bonney has two distinct basins referred to as the east (ELB; surface area ϳ3.3 km 2 ) and west (WLB; surface area ϳ1.0 km 2 ) lobes; our study focused on WLB. The lobes (both ϳ41.5-m deep) are separated by a sill about 14-m deep that minimizes exchange of waters between the basins, leading to different physical, chemical, and biological characteristics within each lobe. Both lakes Fryxell and WLB have permanent 3-6-m-thick ice covers and are characterized by strong chemoclines and oxyclines at about 9 m in Lake Fryxell and about 15 m in Lake WLB at the time of our study ) (Appendix Table A1 ). Deep maxima of phytoplankton and bacterioplankton productivity occur in the oxygenated water just above the chemoclines within each lake; water below the chemoclines is suboxic. Samples were collected at 6 m (MCM1 and MCM7) and 9 m (MCM2 and MCM8) in Lake Fryxell and 13 m (MCM3 and MCM5) and 18 m (MCM4 and MCM6) in Lake WLB to capture the microbiology of distinct vertical physicochemical and biogeochemical layers within the trophogenic zone (region where adequate light exists to support phytoplankton photosynthesis) of the two lakes. The November samples were collected when 24 h of sunlight was present and photosynthetically active radiation (PAR) extended to the depth of Table 1 . Sampling, 454 next-generation sequencing, and data processing were carried out according to Amaral-Zettler et al. (2009) and employed 6% operational taxonomic unit (OTU) cluster widths. Although use of the V9 region to estimate ciliate diversity may cause inflation in richness estimates (Dunthorn et al., 2012) , by using a more conservative OTU width of 6% (94% similarity), we recovered numbers of OTUs similar to the numbers of species that had been previously reported in the lakes on the basis of morphological criteria. All sequence data are MIMARKS-compliant (Yilmaz et al., 2011) and have been deposited in the National Center for Biotechnology Information Sequence Read Archives under the accession number SRP028879.
Taxonomic assignment
We employed a combination of reference databases including the Silva-ARB vers. 111 and Protist Ribosomal Reference (PRR) (based on GenBank May 2012 release) databases (Guillou et al., 2013) to assign ciliate taxonomy to our amplicon reads. First, we aligned representative V9 amplicons of all MCM eukaryotic V9 amplicons to a reference database (RefSSU ver. 111 Silva-ARB) of fulllength small subunit (SSU) rRNA genes of known taxonomy. We added our sequences to the reference tree in ARB (Pruesse et al., 2007) using the "quick add taxa to tree" parsimony option and extracted taxa that branched among the ciliate clade. We then classified these ciliate OTUs according to the taxonomy of the most closely related sequences in the ARB tree. In addition to an ARB treebased taxonomic assignment, we also classified our ciliates using the Global Alignment for Sequence Taxonomy (GAST) method (Huse et al., 2008) with updated reference taxonomies from Silva-ARB (ver. 111) and PRR databases. In most cases, taxonomic assignments based on the position in the ARB tree and GAST taxonomies from Silva-ARB and PRR were consistent with each other; however, about 10% were inconsistent, with some ciliates being classified into another phylum on the basis of ARB GAST and PRR assigned taxonomies. In these cases we made the final taxonomic assignments according to the ARB tree-based taxonomy.
Alpha and beta-diversity calculations
We calculated alpha diversity indices using full data matrices and resampled data matrices, wherein the number of reads per sample was made equal through random resampling (Appendix Table A2 ). We limited analyses to binary data matrices wherein data were transformed to presence/absence before calculating nonparametric (Chao2) richness estimates using the SPADE program (Chao and Shen, 2003) , keeping replicate samples separate because variant rRNA copy numbers (Zhu et al., 2005) can bias abundance-based richness estimation in eukaryotes (Appendix Table A3 ). For all beta diversity calculations, we pooled data from replicate water samples to create abundance and incidence-based matrices for resampled datasets. All beta diversity analyses were carried out with resampled datasets using Primer-E (Clarke and Gorley, 2006) . Resampled datasets involved resampling the whole eukaryotic dataset down to 2811 reads per pooled sample and then removing all ciliate OTUs from the larger resampled matrix.
Permutational analysis of variance (PerMANOVA; Anderson, 2001) was used to examine the importance of 16 environmental factors in partitioning of beta diversity with the adonis function calculated in the R library vegan (Oksanen et al., 2010) . The dsvdis function in the R library labdsv was used to generate abundance and incidence-based distance matrices (Roberts, 2010) .
Multivariate analyses
We employed Hierarchical Clustering and Nonmetric Multidimensional Scaling (NMDS) methods in PRIMER-E ver. 6 (Clarke and Gorley, 2006) to explore ciliate community structure in the two lakes. Similarity profiles analysis (SIMPROF) was used to test for multivariate structure (Clarke and Gorley, 2006) . Draftsman Plots in PRIMER-E tested skewness of the environmental data corresponding to our samples. Those data that were considered non-normally distributed were log (X) transformed. Environmental parameters that had less than 90% correlation in Spearman rank resemblance matrices were chosen as available variables. The significance of rank correlations between environmental parameters and ciliate community structure was determined by the global BIOENV match permutation test in PRIMER-E.
Primer design
To validate and characterize MCM ciliate novelty, we designed specific primers targeting the V9 region of the SSU rRNA gene with the aim of retrieving longer flanking regions of the SSU and LSU rRNA genes for down-stream phylogenetic analyses of the novel ciliates (Fig. 2) . The criteria we used for designing primers were as follows: we targeted regions that were between 18 and 20 base pairs (bp) in length, contained between 45% and 55% GC content, and had melting temperatures between 50°C and 60°C. As a proof of concept, we chose to design primers against an abundant OTU with more than 10% GAST distance based on our reference V9 database. In this case the putative "novel" ciliate came from cluster ID: E06_757 from replicate samples of MCM2 collected at 9 m in Lake Fryxell on 22 November 2007. We used the primer match module in the ARB software package (Ludwig et al., 2004) and the Silva-ARB database ver. 111 (Pruesse et al., 2007) to test the specificity of the primers in silico. We also designed primers that would target the 5Ј and 3Ј ends of the V9 region in order to validate that the V9 region targeted was in fact what we amplified subsequently using a combination of the specific V9 primers in combination with SSU and LSUgeneral primers. Our V9-specific primer sequences and locations on the V9 region are shown in Table 2 .
PCR amplification and DNA sequencing
Using the V9 region as an anchoring point, we amplified the ITS1-5.8S-ITS2 and a partial fragment of the LSU rRNA gene using the V9-specific forward primer E06_757_LSU (Table 2 ) and the eukaryotic LSU rRNA gene reverse primer Euk34r (5Ј-GCATCGCCAGTTCTGCTTACC-3Ј) (Liu et al., 2009) . The eukaryotic universal A primer (5Ј-AAC CTGGTTGATCCTGCCAGT-3Ј)-targeting the 5Ј end of the SSU rRNA gene-and V9-specific reverse primer E06_757_SSU (Table 2 ) amplified the remaining portion of the SSU rRNA gene (Medlin et al., 1988) . PCR conditions were as follows: initial denaturation at 94°C for 30 s followed by 30 cycles of denaturation at 94°C for 15 s, primer annealing at 52°C for 30 s, and primer extension at 68°C for 1 min, with a final extension at 68°C for 5 min. This PCR amplification was performed on replicate samples of MCM2, MCM5, and MCM8; results of next-generation sequencing are shown in Table 3 .
We directly sequenced amplicons on an ABI 3730XL (Applied Biosystems, Foster City, CA) capillary sequencer using the BigDye protocol. As the amplicons were around 1600-bp long, we used internal primers 517F (5Ј-GCCTA AAGCATCCGTAGC-3Ј), 1047F (5Ј-GGWGSTGCATG GCYG-3Ј), and 1047R (5Ј-CRGCCATGCASCWCC-3Ј) to sequence the SSU rRNA gene, and internal primers ITS-R (5Ј-CTGATATGCTTAAGTTCAGCGG-3Ј) (Shang, 2004) and 28S-1F (5Ј-ACCCGCTGAACTTAAGCAT-3Ј) (Moreira et al., 2007) to sequence the LSU rRNA gene. We performed all sequencing at the Marine Biological Laboratory W. M. Keck Ecological and Evolutionary Genetics Facility following routine protocols. Partial double-stranded sequence reads were obtained to cover the SSU and LSU rRNA gene targeted regions, and all sequence reads were assembled in Geneious ver. 6.0.5 by Biomatters (Geneious, 2013) . All SSU and LSU rRNA gene sequences of the putative "novel" ciliates were deposited in GenBank under accession numbers KF541342-KF541345.
Phylogenetic analyses
We compared our novel ciliate sequences against existing sequences of SSU and LSU rRNA gene sequences available in GenBank using BLAST (Altschul et al., 1990) and included sequences of closest relatives for phylogenetic reconstructions. Additional representative ciliate sequences chosen to represent major ciliate clades were also included in our analyses and are identified by GenBank accession numbers after taxon names in Figures 3 and 4 . Version 5.19 of the automated SILVA IncremeNtal Aligner (SINA) (Pruesse et al., 2007) guided alignments of partial LSU and SSU rRNA gene sequences. We then created an automatic filter in ARB with minimal similarity of 50% to mask the , 2014) . The chain length for our analysis was 4,000,000 generations with trees sampled every 100 generations and the first 25% discarded as burn-in. Maximum-likelihood (ML) bootstrapping analysis was carried out online with 1000 replicates using RAxML-HPC2 on XSEDE (7.3.2) on the CIPRES Science Gateway (CIPRES, 2014; Stamatakis et al., 2008) . The GTRϩIϩG model (Zwickl and Holder, 2004 ) was chosen as the best model by MEGA 5.2.2 (Tamura et al., 2011) . Prorocentrum micans (Dinophyta) and Sarcocystis rileyi (Apicomplexa, Sarcocystidae) were selected as outgroup taxa in the SSU rRNA and LSU rRNA trees, respectively.
Results and Discussion
Ciliate richness in McMurdo Dry Valleys lakes
The percentage of ciliate sequences of the total eukaryotic community in Lake Fryxell was 19.7% (6.6% in autumn; 25.7% in summer), while in Lake West Lobe Bonney (WLB) it was 1.2% (1.7% in autumn; 0.5% in summer). Roberts et al. (2004) also found that ciliates contributed to a relatively higher percentage of the overall eukaryotic community in Lake Fryxell than in Lake WLB. When contrasted with the recovery of ciliate operational taxonomic units (OTUs) in an Arctic study, which varied from 10% to 30% in lacustrine waters (Crump et al., 2012) , the concentration of ciliates we measured in Lake WLB is relatively low. We detected 35 different ciliate OTUs collectively in our eight MCM lake samples. Among the 35 OTUs we detected, 14 (40%) were found in both lakes, while eight (23%) and 13 (37%) occurred only in Lake Fryxell and Lake WLB, respectively. The ciliate sequences were phylogenetically diverse and represented six known classes (Heterotrichea, Litostomatea, Nassophorea, Oligohymenophorea, Phyllopharyngea, Spirotrichea) and one unresolved class tentatively assigned to the Prostomatea (see following section Phylogenetic position of the novel McMurdo Dry Valleys species) (Fig. 5) . According to previous studies (Kepner et al., 1999; Laybourn-Parry and Pearce, 2007; Roberts et al., 2004) , 34 ciliate species belonging to eight classes have been reported in Lake Fryxell and Lake WLB. The only class reported previously (Roberts et al., 2004 ) not found in our study was Colpodea, which could be due to differences in sampling depths together with stratification of different ciliate species with depth (Kepner et al., 1999) . The colpodid species was previously reported at 0.3-0.5 m below the surface of the ice, whereas our samples were collected below 6 m (Roberts et al., 2004) . Table 3 summarizes the Global Alignment for Sequence Taxonomy (GAST) values for all of the ciliate OTUs. Twelve OTUs identified as Blepharisma, Mesodinium, Didinium, Haptoria, uncultured Scuticociliatia, uncultured Peritrichia, Cryptocaryon, Halteria, uncultured Oligotrichia, Oxytricha, Euplotes, and uncultured Choreotrichia had a zero GAST distance, indicating that they were identical to existing sequences in public databases. In those cases, the assigned taxonomy at the genus level was most reliable. Certain species belonging to these groups are planktonic and common in both marine and freshwater habitats. We detected two genera (Obertrumia and Oxytricha) not previously reported in these lakes.
Alpha diversity of ciliates did not vary systematically across the different lakes nor did it vary significantly by seasons for both full and resampled data sets (Fig. 6) . Not surprisingly, the overall diversity was relatively low in both lakes given their ultra-oligotrophic to oligotrophic nutrient status (Laybourn-Parry and Pearce, 2007) . As shown in Figure 6 , estimated and observed Chao2 richness values for the given lake samples were very similar, indicating that we likely saturated ciliate diversity using our approach. This is to be expected given the low ciliate species richness combined with the application of next-generation sequencing approaches in this study.
Extreme environmental conditions are often associated with overall low species richness (Petz, 2003; Petz et al., 2007) . However, our results did not support this assumption. For example, in MCM4 and MCM6 samples (i.e., 18-m Lake WLB) where the salinity was higher than 80 PSU (ϳ2ϫ seawater) and oxygen was low (Table 1) , Chao2 estimated and observed richness were both similar to or slightly higher than the less extreme samples (Fig. 6) . Furthermore, we found 12 OTUs (E06_1057, E06_96, E06_255, E06_620, E06_709, E06_250, E06_392, E06_516, E06_605, E06_105, E06_12, and E06_140) that occurred in MCM4 and MCM6, as well as in freshwater samples, i.e. MCM1, MCM2, MCM3, and MCM4 (Table  3) , leading us to conclude that these species may tolerate a range of salinities (Laybourn-Parry and Pearce, 2007) . Meanwhile, we also found nine OTUs that occurred only in MCM4 or MCM6, which may suggest there are some salttolerant and microaerophilic ciliates that are restricted to these conditions (Bell and Laybourn-Parry, 1999; Yasindi et al., 2002) . Our findings indicate that some ciliates either tolerate extreme conditions (high salinity and low oxygen) or are restricted to these conditions. In addition, dissolved organic carbon (DOC) concentration was high in MCM4 and MCM6, which may explain why the richness of ciliates in these samples was not as low as in other samples, as they might be able to use some of the dissolved organics to supplement predation.
Given that most ciliates feed on bacteria or organic material, DOC and dissolved organic nitrogen (DON) levels, as well as bacterial concentrations, should influence ciliate richness (Wickham et al., 2004) . The MCM lakes are an ideal ecosystem in which to test this hypothesis because nutrient concentrations are typically highly stratified in the water column. To test this hypothesis, we compared ciliate richness between samples with different nutrient concentrations. MCM4 and MCM6 had the highest DOC and DON concentrations (Table 1) , which may explain why both estimated and observed richness in those samples were not lower than in other samples, taking confidence bounds into account (Fig. 6 ). Another possibility is that considering the apparently higher diversity of ciliates and of eukaryotes overall (Vick-Majors et al., 2013) in these same samples (MCM4 and MCM6), the increase in diversity may not be due to trophic activity. MCM4 and MCM6 were sampled at the bottom of the halocline in Lake WLB (Appendix Table  A1 ). Thus, dead eukaryotic cells may also artificially inflate richness values by sinking through the fresher upper layers and collecting at around 18 m because they cannot sink through the layer of increased salinity density.
Day length, which varies as a function of season in Antarctica, has been reported to have a strong influence on bacterioplankton and some mixotrophic protist communities (Lizotte et al., 1996; Ghiglione and Murray, 2012; VickMajors et al., 2013) , as well as on expression of functional genes (Kong et al., 2012 (Kong et al., , 2014 , leading us to hypothesize that ciliate richness in samples collected at the same depth in the same lake in autumn should be higher than in summer. However, seasonally separated samples collected in Lake Fryxell had similar richness, while in Lake WLB, richness at 13 m in autumn was 39% lower than in summer but 25% higher at 18 m (Fig. 6) . In another study, overall eukaryotic diversity in Lake Fryxell was generally higher in autumn than in summer, while the opposite trend existed in Lake WLB (Vick-Majors et al., 2013) . Therefore, the similar richness in Lake Fryxell and inconsistent trend in Lake WLB shows that the richness of ciliates may not be attributed to day length. The richness of ciliates seemed, on the basis of our results, to be more strongly influenced by nutrient concentrations that did not correlate with day length. Similarly, expression of two major photosynthetic genes in Lake Bonney populations of photosynthetic protists during the transition from Antarctic summer to winter (February to April) also exhibited seasonal trends that were thought to be influenced by nutrient availability (Kong et al., 2012 (Kong et al., , 2014 .
Community structure
Variation in rRNA gene copy numbers among different ciliate groups may confound analyses of ecological diversity studies (Gong et al., 2013) . To address this concern, we employed incidence-based (presence/absence) beta diversity measures in our analyses. However, the use of incidence-based approaches and resampled datasets led to a loss of signal in our data (Fig. 7) . We tested the statistical significance of the influence of salinity and depth on ciliate communities, which showed patterns similar to those of oxygen status (data not shown). From the Hierarchical Clustering and Nonmetric Multidimensional Scaling (NMDS) for the resampled dataset using Bray-Curtis similarity (Fig.  7A) , samples (MCM1, MCM2, MCM7, MCM8) collected from the same depth from Lake Fryxell (median oxygen, low salinity) clustered together regardless of season, followed by samples (MCM3 and MCM5; MCM4 and MCM6) from Lake WLB from different oxygen levels and salinities. From the resampled data of the Jaccard similarity matrix (Fig. 7C) , only the samples from 18 m in Lake WLB (MCM4 and MCM6) with high salinity and low oxygen were separated, while other samples clustered together.
The NMDS diagram employing abundance metrics (Fig.  7B) showed that communities in Lake Fryxell shared more than 75% similarity with each other and clustered separately from Lake WLB communities, indicating that the two ciliate communities have few species in common (LaybournParry and Pearce, 2007) . Our study supports previous reports that depth, oxygen, and salinity in the lakes all affect the structure of ciliate communities (Kepner et al., 1999) and that ciliate communities are typically stratified in these lakes due to gradients in the stable water column. Ciliate communities failed to cluster by season regardless of the approach or dataset used. The samples collected at the same depth in the same lake, and therefore with the same oxygen status, but in different seasons (summer and autumn) clustered together according to the similarity profiles (SIMPROF) analysis, indicating that seasonal differences (summer vs. autumn) did not have a strong influence on ciliate community structure. Even though the SIMPROF Figure 6 . Estimated and observed ciliate species richness for full (A) and resampled (B) datasets with Bonferroni corrected 95% confidence intervals. LF, Lake Fryxell; WLB, West Lobe Bonney. For sample names and metadata refer to Table 1. model first accounted for the interaction in the ciliate community between lake and depth, season was not significant (in the permutational analysis of variance [PerMANOVA] , P Ͻ 0.1 in resampled data of Bray-Curtis and Jaccard similarity matrices).
In contrast to the trends in ciliate data from our study, the total eukaryotic community analyzed by Vick-Majors et al. (2013) from the same lake and depth was different between seasons, mostly due to mixotrophic stramenopiles such as chrysophytes becoming abundant in autumn. Species belonging to the following ciliate groups have been reported in the literature as mixotrophs (Dolan, 1992; Bernard and Rassoulzadegan, 1994) : Strombidium, Tontonia, Laboea, Lohmaniella, Paramecium, and Mesodinium rubrum. In our taxonomic assignments, four OTUs (E06_180, E06_6841, E06_6945, E06_12) were identified as Strombidium and one (E06_217) as Mesodinium (GAST distance ϭ 0). These OTUs did not show seasonal patterns (Table 3) . The ability to switch between mixotrophic and heterotrophic life styles may be one reason why seasons do not have strong influence on ciliate populations in these lakes (Vick-Majors et al., 2013) .
On the basis of the Draftsman plots and BIOENV analyses, we chose 15 environmental variables (salinity, bacterial cells, chlorophyll, DOC, DON, dissolved oxygen, particulate organic nitrogen, PO 4 3Ϫ , SiO 2 , temperature, total dissolved nitrogen, fluorescence, tritiated leucine incorporation, tritiated thymidine incorporation, and density) for downstream BIOENV analyses. The other seven variables-depth, NH 4 ϩ , atmospheric pressure, conductivity, pH, NO 3 Ϫ , and NO 2 Ϫ -were excluded because they were correlated with the chosen variables. Although we found dissolved oxygen to be the best explanatory environmental variable for ciliate community structure using the BIOENV global test for resampled data based on both abundance and incidence-based matrices, the P values showed that the result was not significant in either case (R ϭ 0.706, P ϭ 0.09 for the abundance matrix; R ϭ 0.652, P ϭ 0.13 for the incidence-based matrix). We think dissolved Hierarchical Clustering and Nonmetric Multidimensional Scaling ordination diagrams for Bray-Curtis (A, B) or Jaccard (C, D) similarity matrices. LF, Lake Fryxell; WLB, Lake West Lobe Bonney. The red lines in the cluster diagrams indicate groupings with no statistical evidence for substructure.
oxygen likely drives the variations in ciliate community structure. It is well known that microbial community structure is sensitive to oxygen levels (Laybourn-Parry and Pearce, 2007) , and some ciliate groups (including Plagiopyla, Sonderia, Parablepharisma, Metopus, Caenomorpha, and Odontostomatida) have been reported as obligate anaerobes, while others (e.g., Remanella and Loxodes) are microaerophiles (Finlay and Fenchel, 1989; Fenchel and Finlay, 1991) . Therefore, the vertical distribution of ciliates may be tightly coupled to oxygen concentrations at different depths (Berninger and Epstein, 1995) . For the resampled data using Jaccard similarity (Fig.  7C, D) , dissolved oxygen and particulate organic nitrogen were most strongly correlated. These relationships may be related to ciliate trophic status, that is, mainly feeding on bacteria and microalgae.
For the abundance matrices of resampled data, the Per-MANOVA test indicated that depth, dissolved oxygen, and salinity had significant influences on the ciliate community (P ϭ 0.026 for depth, P ϭ 0.015 for dissolved oxygen, and P ϭ 0.05 for salinity), while lake and season were not significant (P Ͼ 0.1). For the incidence-based matrices of resampled data, depth, dissolved oxygen, salinity, lake, and season were not significant (P Ͼ 0.1).
Phylogenetic position of the novel McMurdo Dry Valleys species
One of the goals of the Microbial Inventory Research Across Diverse Aquatic Long Term Ecological Research Sites project was to discover novel species by using a next-generation approach based on amplicon sequencing of short hypervariable V9 regions. To accomplish this goal, we selected and pursued further sequencing of the putative novel species (Cluster ID: E06_757) from the MCM2 Lake Fryxell replicate samples (24.68% of all ciliates in MCM2). This novel OTU was also found in the MCM5 Lake WLB and MCM8 Lake Fryxell samples, where it was recovered with lower frequency (2.86% of all ciliates in MCM5, 0.60% of all ciliates in MCM8). Furthermore, by applying a 10% GAST distance cut-off criterion we were able to validate the discovery of a novel taxon.
The E06_757_MCM2_1 and E06_757_MCM2_2 SSU rRNA genes are 1666 and 1665 base pairs long, respectively. Phylogenetic trees inferred from SSU rRNA gene sequence data using two methods-maximum-likelihood (ML) and Bayesian (BI))-generated similar topologies; therefore, we show only the ML tree in Figure 3 . The E06_757_MCM2_1 and E06_757_MCM2_2 sequences branched together in both ML and BI analyses in a clade including E06_757_MCM2_1 and E06_757_MCM2_2, Cryptocaryon irritans, and two environmental sequences with 100% bootstrap support and 1.00 BI posterior probabilities. The environmental ciliate sequence (Elb13-t3-otu8) reported in East Lobe Bonney (ELB) (Bielewicz et al., 2011) clustered with Balanion masanensis with moderate support (85% in ML, 1.00 in BI) and then formed a sister branch with Cyclotrichium cyclokaryon with low bootstrap values (18% in ML, 0.55 in BI). Our tree provides a more accurate placement of this environmental isolate first reported in Bielewicz et al. (2011) wherein this environmental sequence clustered with Cryptocaryon irritans.
We also sequenced a 1672-and 1671-bp-long section of the ITS regions and LSU rRNA gene of the E06_757_MCM2_1 and E06_757_MCM2_2 ciliates, respectively. Phylogenetic trees inferred from LSU rRNA gene sequence data using ML and BI generated similar topologies, so we present only the ML tree in Figure 4 . In both the ML and BI trees, E06_757_MCM2_1 and E06_757_MCM2_2 clustered together with full support and further grouped with Cyclotrichium cyclokaryon and Paraspathidium apofuscum with strong support (91% in ML, 1.00 in BI), forming a sister branch to the Prostomatea.
Our phylogenetic results indicate that the novel species is related to Cryptocaryon irritans. Cryptocaryon irritans is an alveolate parasite of teleost marine fish. Cultured from temperate and tropical seas, it causes disease at temperatures above 15°C (Wright and Colorni, 2002) . Since no fish have been reported in lakes Fryxell or WLB and the genus Cryptocaryon includes only one species, we propose that our novel species belongs to a new genus that is free-living and related to Cryptocaryon.
According to Takishita et al. (2010) , the environmental clones RM2-SGM04 and RM2-SGM05, which were collected from the deep-sea sediments (about 1177-m deep) of Sagami Bay, Japan, were the environmental species most closely related to our novel species and could not be assigned to any known ciliate class. Although Cryptocaryon irritans belongs to Prostomatea according to the classification of Adl et al. (2012) , it did not cluster within the Prostomatea clade. Zhang et al. (2012) suggested that the clade including Paraspathidium apofuscum and Cyclotrichium cyclokaryon represents a new class. However, our SSU rRNA gene tree shows that this clade is paraphyletic. Therefore we assign this novel species to incertae sedis until additional relatives can provide it with a more robust phylogenetic placement. (94) 2.41 (0.60) 11.0 (0.57) * For N:P ratios, the integrated mean (standard error) for the mixolimnion (mixo) and the chemocline and monolimnion (chemoϩmono) are reported.
Table A2
Full dataset matrix 
